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Fritz Wagener and Associates
Johannesburg, South Africa
Phillip Steenkamp,
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ABSTRACT
The Geita gold mine, owned by AngloGold Ashanti, is located in the north west of Tanzania on the African Rift Belt in a seismically
active. It is also located in an environmentally sensitive area as it is directly upslope of Lake Victoria. The Tailings Storage Facility
was constructed as a side valley dam with its maximum design embankment elevation 1216m (i.e. 35m above ground level) and store
capacity approximately 60 million tons of tailings. The feasibility of increasing this wall ultimately to 1246m (i.e. 65m above ground
level) thereby increasing its capacity by 88.5 million tons, is the topic of this submission.
The static liquefaction potential of the tailings was evaluated using an array of field and laboratory tests. It was found that the
majority of the tailings displayed contractive behaviour, implying that should a failure of the outer wall occur a liquefaction type
failure could result.
The stability of the facility for the current and future raised geometries was investigated under static and dynamic loading conditions.
Feasible solutions were evaluated in terms of their appropriateness. A viable solution using material readily available at this remote
site was found and is currently under construction.

INTRODUCTION
The Geita Tailings Storage Facility (TSF), owned by
AngloGold Ashanti, was designed to store approximately 60
million tonnes of tailings with a maximum embankment
elevation of 1216m (i.e. a maximum of 35m above ground
level). It is currently nearing that level and therefore close to
the end of its design life. In order to accommodate future
deposition, the embankment needs to be raised. The feasibility
of increasing the height of the embankment ultimately to
1246m (i.e. a maximum of 65m above ground level) to
increase its capacity by 88.5 million tons, was investigated.
It is commonly found in Africa that the stability of TSF’s is
assessed by means of effective stress limiting equilibrium
stability analyses. This practice has developed due to the
majority of tailings behaving in a drained fashion under static
loading conditions. Undrained stability analysis is often
ignored irrespective of whether shear response is dilatant or
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contractive. Ladd (1991) found that the shear stress at failure
for effective stability analysis was twice that of an undrained
stability analysis. A static liquefaction analysis aims to model
the behaviour of the tailings during shear more realistically.
The static liquefaction analysis carried out in isolation,
however, ignores the need for some disturbance to trigger the
undrained behaviour. Both effective stress and liquefaction
stability analysis are thus required.
The Geita gold mine, is situated in a seismically active region
of Tanzania due to the proximity of the African Rift Belt. It
was therefore necessary to assess the liquefaction potential of
the tailings under static and dynamic loading conditions. This
paper considers the stability of the facility in its current state
as well as proposed future geometries (i.e. modelling different
methods of raising of the facility) and practicality at this
remote site.

1

BACKGROUND
Geita Gold mine is located 5km west of the town Geita in the
north-west of Tanzania and approximately 20km south-west of
Lake Victoria. It is bounded by the Kamlale river in the west,
the mine process plant in the south and access road to the plant
in the east.
The TSF was constructed in stages as a side valley dam as
shown in Fig. 1. The three sided main embankment was
1
constructed in a downstream fashion with mine waste to its
current elevation of 1212m. A five meter layer of laterite was
placed on the upstream side of the embankment to reduce
seepage through the waste rock as shown in Fig. 2. The
embankment crest width is ten meters with 1 in 2 and 1 in 3
upstream and downstream side slopes respectively.
Tailings are sub-aerially deposited by means of spigot offtakes located along the upstream crest of the embankment at
approximately 50m intervals. This method of deposition
results in a highly layered stratigraphy. A seepage collection
system was designed to minimize seepage into the ground
water. A herringbone underdrainage system and upstream toe
drain was installed in the basin to collect seepage. Water
collected in these drains gravitates towards drainage
collections towers which are located inside the facility
adjacent to the embankment. The intention was to pump
seepage water from the towers, however maintenance of
pumps in such remote areas was not practical and the seepage
collection in the towers could not be guaranteed. Decant
towers were also constructed on the northern side of the basin
to remove supernatant and surface water from the facility.

Fig. 2: Schematic
embankment

presentation

of the

current

TSF

GEOLOGY
Geita Gold Mine ore reserves are located in the Sukumuland
greenstone belt that runs to the south of Lake Victoria. The
belt is approximately 15km wide and 60km long in the Geita
reserve and consists of two north-west and south-west
trending banded ironstone formations ridges. It is intersected
by quartz gabbro and dolerite dykes.
The greenstone belt consists of the Lower and Upper
Nyanzian Succession. The former consists of basal lavas with
mafic and felsic tuffs, overlain by ferricrete which is mostly
confined to lower lying areas. The Upper Nyanzian consists of
banded iron formation, felsic volcanics, andesite and
ferricrete. These are found on the ridges and higher lying
areas. Gold mineralisation occurs in the banded ironstone
formation and felsic volcanics of the Upper Nyanzian as well
as the mafic tuffs and ferricretes of the Lower Nyanzian.
A geotechnical investigation carried out prior to the
construction of the facility in 1999, found that the geology
generally consists of shallow soils underlain by ferricrete that
overlies residual tuff. The latter varies from completely
decomposed rock (saprolite) to distinctly weathered tuff at
depth.

PRESENT GEOTECHNICAL INVESTIGATION OF THE
GEITA TSF

Fig. 1: General layout of TSF, piezocone test locations and
analysed cross section CC

1

Tailings are discharged behind a starter dyke. Subsequent raises are
achieved by placing embankment fill on the downstream
slope of the previous raise (Vick, 1990)

A piezocone investigation was carried out in August 2007 to
assess the pore pressure regime and stratigraphy of the tailings
in the facility. The approximate locations of the fourteen
piezocone tests are shown in Fig. 1. Disturbed surface samples
were collected of the tailings at these locations as well as of
the coarse and fine tailings near the wall and pond.
The feasibility of using a cycloning device that mechanically
separates the coarse and fine fractions of the tailings stream,
was also investigated. A test run with a 300mm diameter
cyclone was conducted early in September 2007. It was found
that the material cyclones well with a yield of about 18% of
underflow (coarse tailings). Samples of the cyclone feed,
underflow and overflow were taken and tested to determine
2
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the shear strength,
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Soil parameters obtained from laboratory tests
Disturbed samples of the surface tailings and cycloned
material were tested in geotechnical laboratories. The results
of the laboratory tests for the cycloned material are
summarised in Table 1. In addition the composition of the
tailings was investigated by means of X-ray Diffraction
(XRD) and Scanning Electron Micrographs (SEM).
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Fig. 3 shows the variation in particle size distribution along
the beach as well as that of the cycloned tailings. The latter is
represented by grey lines. It can be seen that the particle size
distribution of the tailings along the beach falls within a
relatively narrow band. The tailings can be classified as a
clayey silt with the clay sized particles varying between 10%
and 20%. The results of the XRD tests revealed that the
tailings mainly consist of quartz (45 - 53%) and mica (8 18%). The presence of kaolinite, a non-active clay was also be
noted. Theron (2004) demonstrated that the behaviour of noncohesive material consisting of quartz and mica is governed by
the mica content and whether the quartz particles are in clean
contact with each other. It is anticipated that mica particles
would dominate the behaviour of the tailings at the measured
mica content. The quartz particles would be surrounded by
mica particles in the small and possibly in the large strain
range resulting in “clay-like behaviour”.

Triaxial shear test results indicated that both the cyclone
underflow and overflow display phase transfer (Fig. 4). This
implies that at strains below this point the material will
contract but beyond it will dilate to increased shear strength.
The results thus confirmed that the mica particles govern the
behaviour of the tailings up to phase transfer. Beyond this
point the quartz particles are in clean contact with each other
resulting in the onset of dilation. The effective internal friction
angle of the material is a minimum at the phase transfer point.
In order to allow for the worst case scenario, the phase transfer
friction angle was adopted in the stability analysis.

Table 1. Summary of laboratory test results

Permeability (m/s)
Coefficient
of
consolidation (m2/yr)
Cohesion (kPa)
Effective friction angle at
phase transfer (degrees)

Cyclone
overflow
1.4E-8
578

Cyclone
underflow
2.1E-6
8 757

0
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0
30
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PZ 5
PZ 11
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PZ 8
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PZ 14
SPL 1
SPL 2
Cyclone overflow
Cyclone underflow
Cyclone feed

60

0.01
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1
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100

Particle size (mm)

Fig. 3: Particle size distribution of tailings along the beach
and cycloned material

Fig. 4: Consolidated undrained triaxial shear test results of
fine tailings showing phase transfer
Ten disturbed tailings samples were collected in the beginning
of 2009 by the Mine at 50m to 80m from the current waste
rock wall. The samples were sent to two laboratories in the
UK for dynamic testing where it was combined into a single
sample. This was done to ensure that the material tested is
representative of the in-situ material. Cyclic triaxial and
oedometer tests were carried out to determine the Martin, Finn
and Seed (MFS) pore pressure parameters while resonant
column tests results were used to determine the damping ratio
and variation of small strain shear stiffness with effective
stress.
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Soil parameters obtained from piezocone data
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Fig. 5: Relationship between small strain shear stiffness and
effective stress

The horizontal permeability of the finer layers was generally
in the order of 1x10-7 m/s to 5x10-8m/s. These values correlate
well to the cyclone overflow test results, indicated in Table 1.
Consequently, the permeabilities shown in this table were used
in the analyses. Layers of lower permeability were
occasionally encountered, with values as low as 2x10-9m/s. A
permeability of this order usually corresponds to clay sized
particles. The hydraulic parameters measured by the
piezocone tests appear to fall with a narrow band regardless of
the test location.
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Fig. 6: Recoverable modulus
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Closer inspection of the piezocone test results revealed that a
low permeability layer is encountered before entering the
original natural ground. This layer resulted from the
deposition method and the location of the initial pool area. The
thickness of this fine layer varies between one and three
meters. It prevents drainage into the underdrainage material
resulting in horizontal flow of water in the tailings. Inspection
of the geotextile cover of the underdrains revealed that it was
clogged (Fig. 9contributing to the high water table
encountered in the TSF.

0.1
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0.06

Elevation (m)

Volumetric strain (%)

The results of the piezocone investigation were used to
determine the pore pressure regime in the facility at the time
of testing. Fig. 8 shows a cross section through the north
western embankment at the point where the embankment
height is a maximum (35m). The position of the piezocone
tests as well as the static pore pressures are also indicated in
the figure. The location of Cross section CC is shown in Fig.
1. It was found that static pore pressures increase
hydrostatically in the tailings profile until wall is entered at
which point there is a marked decrease in static pore pressure.
The water table remains at a constant elevation of 1203m in
these piezocone locations regardless of their location relative
to the embankment. These results together with measurements
of the pool location suggest that there is negligible flow to
underdrains or subsoil.
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Fig. 8: Location of piezocone tests along Section C

Fig. 7: MFS pore pressure function
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sands. It is expected that tailings will fall in the higher end of
this range.
Relatively good agreement was obtained between the results
of the two methods apart from the first two meters where the
Robertson and Fear method predicted dilatant behaviour while
the Been and Jefferies method, contractive behaviour as
shown in Fig. 10. Both methods predict contractive behaviour
beyond this depth. The tailings would thus liquefy to failure
should a trigger mechanism be present.
Corrected CPT tip resistance (MPa)
0
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Fig. 9: Photograph of clogged under drainage geotextile

Both the Fear and Robertson (1995) and the Been and
Jefferies (1985) approaches were used to analyse the static
liquefaction potential of the tailings. Laboratory and
piezocone test results were used to obtain the various
parameters required in the analysis.

Pre-failure vertical effective stress (kPa)

STATIC LIQUEFACTION POTENTIAL

100
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150

200

250
20

300

350
Contractive

The Fear and Robertson analysis only requires the piezocone
test results, whereas a number of additional soil parameters are
required for the Been and Jefferies analysis. The first of these
was the material small strain shear modulus, G0. This was
calculated from the small strain Young’s modulus obtained
2
from the triaxial shear test results as it was not measured
exclusively. A value of 63MPa was used in the analyses.
Mtc is the gradient of the critical state line in q-p space and is
related to the internal angle of friction φ’. The internal angle of
friction of the cyclone overflow at critical state was 36o which
is equivalent to a Mtc of 1.46.
λ is the gradient of the normal consolidation line. Isotropic
consolidation prior to the undrained shear of the cyclone
overflow was used to determine the gradient of the normal
consolidation line. It was found to be in the order of 0.044.
H is the plastic hardening modulus of the material and
generally ranges in value from 50 to 500. In the absence of
pressuremeter test results, Been and Jefferies suggested that H
can be approximated by 4/λ. This resulting in a value of 91 for
H, which falls within the typical range for H.

30

Fig. 10: Static liquefaction potential results of Robertson and
Fear and Been and Jefferies methods

ANALYSES OF THE PROPOSED METHODS OF RISING
THE TSF
Two different construction methods were considered to raise
3
the embankment namely upstream and downstream. It was
proposed to raise the embankment in two meter lifts with a
crest width of 10m and side slopes of 1:2 (upstream) and 1:3
(downstream). Several alternatives to raise the embankment
by means of upstreaming were considered to assess the
influence of construction material and step-ins geometry. Only
most the promising alternatives are considered in this paper
namely:
•

Downstream raise with a laterite layer on the inside of
the embankment.

•

Upstream raise with 5m step-ins after every three lifts
with laterite on upstream side of each raise. The base of
the raise is to be constructed on top of a waste rock toe.

3

Local strain instrumentation were used

contractive

dilatant
400

Poisson’s ratio (ν) for the material was assumed to be 0.3.
Been and Jefferies suggest a range of values of 0.1 to 0.3 for
2

Dilatant

A starter dyke is constructed and tailings are discharged
peripherally from its crest to form a beach (Vick, 1990)
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•

Upstream waste rock embankment with 5m step-ins
after every three lifts, starting only after lift number
three. The first lift and step-ins are constructed on top of
a waste rock toe. The remaining lifts are constructed on
top of cyclone underflow. This alternative will be
referred to as a “hybrid raise”.

Table 2 lists the soil parameters employed in the coupled
consolidation and stability analyses. The dynamic finite
element analysis required additional soil parameters which
will be discussed in the following section.

Table 2. Summary of soil parameters used

(a)

Waste rock
Laterite
Overburden
Tailings
Foundation
(hardpan)

γt
kN/m3
24.0
20.7
20.7
22.0
24.0

c’
kPa
0
0
0
0
0

φ’
Degree
40
32
32
30
40

ks
m/s
6.6E-10
1.0E-10
7.5E-8
1.0E-12

mv
1/kPa
8.4E-8
2.8E-4
2.8E-4
1.5E-2
1.0E-9

DYNAMIC LIQUEFACTION POTENTIAL

(b)

As mentioned previously, Geita is situated within a seismic
active zone. Several moderate to strong earthquakes occurred
in Tanzania. The epicentres of the various earthquakes in the
region are some distance removed from Geita with the closest
epicentre (Bunda) being 170km away. Mmari (2004) assessed
the seismic hazards of Tanzania and among other things,
produced a graph showing the variation of peak ground
acceleration (PGA) of the country. It was found that the
estimated mean PGA in the vicinity of Geita is in the order of
0.4g. This corresponds well with the value cited by the United
States Geological Survey database (USGS).

(c)
Fig. 11: Construction methods considered (a) downstream
raise (b) upstream raise without step-in (c) upstream raise
with combination of waste rock and cyclone underflow

Two methods of analysis were used to assess the influence of
an earthquake on the stability of the TSF at Geita namely
pseudo static and dynamic finite element.

In order to model the initial pore pressure conditions correctly
a finite element seepage model was calibrated against the
piezocone test results. The model represents the initial
conditions (current state) on which further modeling were
carried out.

Pseudo static analysis

The consolidation behaviour of the tailings due to the
upstream raise was modelled by means of coupled
consolidation analysis. Consequently, both hydraulic and
stress strain properties of the materials were required. Data
gathered by field and laboratory testing were used in the
models. Once the coupled consolidation analysis was solved
the generated pore pressures were used to assess the stability
of the TSF under static, pseudo static and dynamic loading
conditions.

A pseudo static analysis is a modification of a limit
equilibrium analysis. It represents the effects of earthquake
loading by applying accelerations that simulate inertial forces.
These accelerations act in the horizontal and vertical direction
at the centroid of each slice in the limit equilibrium analysis.
The resulting vertical and horizontal forces are a function of
the weight of each slice and accelerations, specified as a ratio
of gravitational acceleration. As noted, a mean peak
acceleration of 0.4g was established for the site. This value
was applied in the pseudo static analysis as a horizontal
acceleration.
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Dynamic finite element analysis

A dynamic finite element analyses were carried out to
simulate the earthquake and the response of the facility to the
earthquake loading. The state of the soil in the facility is
crucial to this analysis and forms part of the input parameters
for the analysis. The analyses consisted of a:
• static finite element analysis to determine the initial
conditions,
• dynamic finite element analysis and
• limit equilibrium slope stability analysis based on the
pore pressures generated during the dynamic
analysis. The QuakeW module of Geostudio was
used to model the dynamic response of the TSF. The
analysis requires the ground acceleration record,
damping ratios, shear modulus, MFS pore water
pressure and recoverable modulus functions.

strength and slope of the collapse surface needs to be
specified. A steady state strength of 50kPa was adopted for the
tailings and cyclone overflow in the analyses. This value
relates to the mean effective stress at the phase transfer point
of the cyclone overflow triaxial sample that was consolidated
to 100kPa mean effective stress. Kramer (1996) suggested, in
the absence of data, the slope of the collapse surface could be
estimates as two thirds of the internal friction angle. A value
of 24º was thus adopted.

RESULTS
The stability was assessed using a limit state equilibrium,
pseudo static and dynamic analyses. This was done for both
the current geometry and the various raised profiles. The
results are summarised in Table 3.
Table 3. Computed factors of safety

Despite numerous attempts to source ground acceleration
records (strong motion accelerograms) in Tanzania, none
could be found. The Council for Geosciences in South Africa
indicated that seismic activity in Tanzania is currently being
monitored by University of Dar es Salaam and Geological
Survey of Tanzania by means of seismographs. Kebede and
van Eck (1997) recommended that in the absence of strong
ground motion data, that of western USA be used for the
region. A Californian earthquake record was used where the
peak acceleration was scaled to 0.4g to correspond to that in
the Geita area (Fig. 12).

Current embankment
Raised embankment
Downstream raise
Upstream raise with 5m
step-ins after three lifts
on waste rock toe
Hybrid upstream raise

Factor of Safety
Static
Pseudo
static
2.26
1.43

Dynamic
2.26

2.52
2.50

1.42
1.38

2.52
0.93

2.29

1.39

1.57

It can be noted from the table that the facility currently has
adequate stability under all loading conditions. This could be
ascribed to the relatively large free draining downstream
constructed waste rock wall. In terms of the raised
embankment, only the downstream constructed and upstream
hybrid raise have sufficient stability in the event of an
earthquake. The reason for this is that the waste rock toe and
coarse cyclone underflow improve the drainage conditions of
the upstream constructed embankment, thereby reducing the
development of excess pore pressures and liquefaction
potential of the material adjacent to the wall.
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Fig. 12: Strong ground motion used in the dynamic finite
element analyses
Resonant column and cyclic triaxial test results were
employed to obtain the remaining soil parameters.

Geometric modelling was carried out on the two acceptable
alternatives to estimate the volume of construction material
required. The approximate volume of waste required for each
construction phase is summarised in Table 4. It was found that
the total waste rock required for the downstream raise of
embankment was approximately four times that required for
the upstream hybrid raise. The upstream raise also does not
require a skin of laterite on the upstream face.

When the grain structure of soil collapses due to among other
things dynamic loading conditions, the shear strength under
undrained conditions may diminish to the steady state
strength. In order to model this behaviour the steady state
7
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Table 4. Approximate volume of waste rock required for each
construction phase
Phase
Phase
Phase 3 Total
1
2
Downstream raised embankment
Waste rock wall
3.1
4.5
7.9
15.5
Alternative upstream raised embankment with waste rock only
Upstream
hybrid 1.5
1.1
1.0
3.6
system
Fig. 14: Schematic presentation of the elevated drain
Refined design
DISCUSSION AND CONCLUSIONS
Based on the results of the above analyses, the Mine indicated
that they would like to refine the hybrid system raise and
increase the height of the raised section by an additional 10m
(i.e. 30m). The final design for raising the facility by 30m in
five consecutive six meter lifts as shown in Fig. 13 below.
Each lift has a crest width of 40m and outer slope of 1:3.
Pioneer layers are to be placed at the base of each six meter
lift that extends 10m past the bottom of the raised lift. The
pioneer layers act as drains that reduce the buildup of excess
pore pressure in the adjacent tailings. The raised wall will be
constructed with opencast haulers such as CAT 777 or larger
and require a minimum width of 30m to operate effectively.
An engineered elevated drain (Fig. 14) is required at the
current tailings elevation, 10m to 12m from the outside crest
of the current embankment to collect seepage running through
the waste rock wall.
A rate of rise of 1.5m/a was used in the final analyses, based
on the projected tonnage profile provided by the Mine. The
results for the refined geometry were as follows:
• Limit state equilibrium
3.06
• Pseudo static analysis
`
1.56
• Dynamic finite element analysis
2.31
The raised facility has adequate factors of safety under static
and dynamic loading conditions. These are significantly better
than those achieved for the previous models with the
exception of the downstream model.

Fig. 13: Schematic presentation of alternative upstream waste
rock raise

The feasibility of extending the life of the TSF at the Geita
Gold mine was assessed considering various wall raise
geometries. These were evaluated in terms of their stability
under static and dynamic loading conditions as well as the
practicality at this remote site. Waste rock is being produced
by the mining operation and the use of this material for wall
building proved to be very cost effective. Two alternatives
were identified as feasible in terms of their stability namely
the downstream raise and upstream raise of waste rock and
cyclone underflow (hybrid raise). Geometric modeling
indicated that the downstream raise required a large amount of
waste rock (approximately four times more than the upstream
hybrid raise). A large volume of waste rock needs to be placed
downstream of the current wall before any gain in elevation is
obtained. This proved to be a problematic as this volume of
waste rock could not be placed before the facility reaches its
previous design capacity. Furthermore, the downstream wall
raise requires a larger footprint, thereby extending the toeline
of the TSF into the downstream river. This makes it unfeasible
from an environmental point of view.
The most likely mode of failure for the upstream raises was a
translational failure of the upper wall. To counter this mode of
failure, the detailed of the raised buttress were carefully
designed to ensure connection between the existing and raised
wall as indicated by the red circles in Fig. 15.
The philosophy when designing the upstream outer wall was
to create a wide unsaturated zone to act as a containment wall.
Unsaturated material does not have a potential for
liquefaction. The potentially liquefiable material is represented
in yellow in Fig. 15. It can be seen that the pioneer layer at the
base of each raise is effective in draining the adjacent tailings,
thereby reducing the size of the liquefiable zone. The
potentially liquefiable zone of the hybrid raise (20m in height)
is shown for comparison (Fig. 15(a)). The high factors of
safety achieved during dynamic loading conditions could be
attributed to the reduced pore pressures in the vicinity of the
wall and the reduced potentially liquefiable zone as a result.
The non-liquefiable outer wall forming under dynamic
conditions is indicated. The liquefiable zone has reduced in
8
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sized compared to previous designs. This could be attributed
to the waste rock pioneer layers at the base of each raise that
not only provides greater stability but more importantly, acts
as drains. However, the success of this design requires the
following:
• The pond must not be allowed to encroach on the
embankment. A minimum vertical and beach
freeboard must be specified and be adhered to.
• A properly designed engineered drain must be
installed at the interface between the current and
raised embankments.
• Pore pressures close to the raised embankment will
have to be monitored regularly by means of
piezometers to ensure that the wall remains
unsaturated.
The recommendations are presently being implemented at
Geita. It is our opinion that a safe and cost effective method of
tailings storage has been found that will extend the life of the
TSF by an approximately 20 years.
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